We describe a system to transport and identify barium ions produced in liquid xenon, as part of R&D towards the second phase of a double beta decay experiment, nEXO. The goal is to identify the Ba ion resulting from an extremely rare nuclear decay of the isotope 136 Xe, hence providing a confirmation of the occurrence of the decay. This is achieved through Resonance Ionization Spectroscopy (RIS). In the test setup described here, Ba ions can be produced in liquid xenon or vacuum and collected on a clean substrate. This substrate is then removed to an analysis chamber under vacuum, where laser-induced thermal desorption and RIS are used with time-of-flight (TOF) mass spectroscopy for positive identification of the barium decay product.
I. INTRODUCTION
The neutrino is the only fundamental particle that is potentially a Majorana fermion, a property that could be revealed in neutrinoless double-beta decay (0νββ) 1 . 136 Xe is a candidate nucleus for this process with a half-life in excess of 10 25 years 2,3 . nEXO will search for 0νββ in a liquid xenon Time Projection Chamber (TPC) 4 with 5 tons of xenon enriched to ∼ 90% in 136 Xe. In a possible future upgrade of nEXO, most backgrounds obscuring the 0νββ signal could be eliminated through the identification of 136 Ba ("Ba tagging"), the daughter nucleus of the decay. The majority of background in experiments like nEXO comes from radioactive decays of impurities in the materials used in the detector construction, despite great efforts to use radiopure materials 5 . Because such decays do not produce Ba, identification of the daughter for each candidate 0νββ event would eliminate these backgrounds 6 . The sensitivity of nEXO without Ba tagging is expected to be T 0νββ 1/2 < 6.0 × 10 27 years. The addition of Ba tagging could extend the sensitivity to T 0νββ 1/2 < 3.2 × 10 28 years. This is the only proposed concept of a technique that can be projected to reach part of the so-called "normal hierarchy" of neutrino masses. This paper describes an apparatus built to test removal and identification of Ba from liquid xenon (LXe).
Our approach is to electrostatically drift Ba + ions to a clean substrate, adsorb them, then transport the substrate to vacuum with the Ba attached. Neutral Ba atoms are then removed from the substrate using laser induced thermal desorption resulting in individual atoms in vacuum, making their atomic spectroscopy available for identification. Resonance Ionization Spectroscopy (RIS) is used to ionize Ba from the desorbed plume of neutral atoms. This highly selective process allows Ba to be identified despite the possible presence of other elements. RIS can also be very efficient, making the detection of single Ba atoms possible 7 . In order to model and test the final application, the development of this process must use very small numbers of Ba atoms. Removal of Ba from the substrate leads to elimination of the signal, making e) Now at Queens University, Kingston ON, Canada f) Now at 23andMe, Mountain View, CA, USA g) Now at University of Wisconsin, Madison, WI, USA this measurement intrinsically destructive. Therefore careful control over all aspects of the system is necessary for effective operation.
To help identify the signal, a time-of-flight (TOF) spectrometer separates Ba ions from other species that are ionized due to various undesirable effects. This extra selectivity complements and cross-checks that of the RIS process. In order to maximize the recovery of Ba, the TOF spectrometer is optimized for ion transport efficiency. The TOF of each ion detected is recorded for later analysis.
In the system, Ba ions are produced by two sources using radioactive decays; one is driven by the recoils of an α decay 8 (appropriate for initial tests in vacuum), while the other is a 252 Cf fission source that produces Ba ions directly (to be used for tests in liquid xenon), similar to radioactive beam sources 9 . Because these sources produce Ba ions at a fixed location, there is no need to search the entire LXe volume. Mechanical systems to position a probe at any location within a large LXe TPC will be developed separately for nEXO.
We describe a system, shown in Figure 1 , capable of testing extraction and identification of Ba + ions intentionally deposited in LXe. The substrate mounted on the end of the probe is moved into the LXe to deposit Ba ions from the source. The substrate is then moved to the RIS chamber, and the gate valve (GV1) is closed to isolate the RIS chamber from the LXe cell. The RIS chamber is evacuated by a combination of cryopumping and the turbomolecular pump (TMP) through GV3, and finally GV2 is opened to the TOF spectrometer for identification of atoms desorbed and re-ionized.
The LXe conditions are similar to those of a LXe TPC: ∼ 900 Torr pressure at a temperature of 165 K. The apparatus includes systems to cool and condense LXe, and can test Ba tagging from Ba production through retrieval and identification.
II. LIQUID XENON CELL AND PROBE
This system condenses xenon in a 1 liter copper cell cooled using liquid nitrogen (LN 2 ). The cell is insulated from room temperature by a vacuum of 10 −5 Torr. Radiative heating across the vacuum is limited by 10 layers of super insulation.
The 10 liter LN 2 dewar is mounted in the same vacuum as the LXe cell, as shown in Figure 2 . The cell is connected to the LN 2 bath through a copper heat-transfer strap. Because the thermal conductivity of this strap is much greater than the thermal In the photograph A is the LXe cell, B is the RIS chamber, and C is the TOF spectrometer. Much of the Xe handling system is omitted for simplicity (see Fig. 3 ). conductivity of the tube leading to room temperature, the equilibrium temperature is below the temperature required to maintain the Xe in liquid phase (165 K), typically requiring about 20 W of heating power. The heaters are controlled through a PID loop using the cell temperature measured by Resistive Thermal Devices (RTDs) read out by a PLC system 10 . To ensure thermal stability and uniformity, the LXe cell is built with 1.9 cm thick copper walls.
Access to the cell is provided through several CF flanges brazed into the copper cell body. The cell is supported from the top CF 6.00" flange, through which the probe passes. Eight CF flanges (4× CF 2.75", 4× CF 1.33") are available to mount viewports, sources, and voltage feedthroughs. The Ba source is mounted on one of these CF 2.75" ports, while the other three are reserved for optical access to the LXe.
A. Xenon delivery and recovery
A schematic view of the vacuum and Xe systems is shown in Figure 3 . Since the measurement requires shuttling the probe between the LXe (∼ 900 Torr) and the TOF spectrometer (vacuum), the RIS chamber functions as a load-lock isolated by three gate valves (Fig. 1) . The LXe level must be maintained while GV1 is closed, which requires xenon feed to and recovery from the cell. At the same time, xenon must be added to or removed from the RIS chamber either to pump the RIS chamber to vacuum or to balance the pressure across GV1 before opening it. Xenon feed to and cryopumping from both the cell and the RIS chamber are controlled by pneumatically-actuated valves (V9-V12).
Xenon is supplied to the system from a twobottle manifold: one serves as the supply, the other serves as a recovery/cryopump bottle. For any given run, the manual valves are configured to feed xenon from the supply bottle through the regulator and purifier 11 to fill the cell. The recovery bottle is empty at the beginning of a measurement cycle and is immersed in LN 2 . At the end of a run all of the xenon is transferred to the recovery bottle. The recovery bottle is then warmed up and serves as the supply bottle for the next run. Bottle manifold valves (V1-V6), V7 and V8 are manual.
Capacitance manometers measure pressure throughout the xenon system. Pressure in the LXe cell is measured by a 5000-Torr full-scale gauge, while pressure in the RIS chamber is measured by a 20-mTorr full-scale gauge 12 . Pressure across GV1 is measured by a differential Baratron 13 . Vacuum is measured with cold cathode gauges 14 on the RIS chamber and the TOF spectrometer.
All temperatures and pressures are recorded at a 1 Hz rate and serve as input to a PID loop that controls valve states and the two 30 W resistors that are used to heat the LXe cell. Pneumatic valves (V9-V13 in Figure 3 ) are controlled by a digital output to add or remove xenon from the system. The gate valves (GV1-GV3 in Figures 1 and 3) are also controlled by the PLC system.
The Ba collection cycle begins with all three gate valves (GV1-3) closed, with the RIS chamber under vacuum. GV1 can only be opened after the Xe pressure across it has been balanced by filling the RIS chamber through V9. The probe can then move the substrate into the LXe. Once Ba has been deposited and the substrate has been retracted to the RIS chamber, the system is configured to recover the Ba: GV1 is closed, the RIS chamber pumped to vacuum. Cryopumping to the recovery bottle reduces the pressure in the RIS chamber from ∼ 900 Torr to less than 1 Torr in ∼ 1 minute. A high-impedance bypass valve (V13) opens to bring the pressure to below 10 −3 Torr with the turbomolecular pump always running at full speed. GV3 then opens when the RIS chamber is at 10 −3 Torr and finally GV2 opens with the RIS chamber pressure below 10 procedure loses roughly 0.02 g of Xe by pumping it into the atmosphere.
III. BARIUM ION SOURCES
Barium ion sources are necessary to produce the small amount of Ba needed to develop this technique. For some tests the Ba has to be produced in LXe, adding special constraints because of its high density. Sources producing large and hard to control quantities of Ba are not considered.
Currently, a Gd-driven Ba ion source is used in vacuum and the use of a fission source is planned for LXe. In the Gd-driven source recoiling nuclei from the α decay of 148 Gd sputter Ba and BaF atoms and ions from the BaF 2 layer. Most atoms are emitted with energies under 1 keV, but the energy distribution has a long tail extending to 89 keV. This source has been described in a separate publication 8 . Because the Gd-driven source produces of too short a range in LXe we plan to produce Ba ions in LXe using a 252 Cf source 15 , electroplated on Pt in such a way as to allow the fission fragments to escape. Each fission produces two neutron-rich isotopes, which β decay to stable isotopes. A few percent of the fission products and subsequent decay chains of 252 Cf produce Ba isotopes. The energy of fission fragments averages around 70 MeV, enough to deliver the Ba ∼ 30 µm into the LXe, calculated using SRIM 16 . The accumulation of Ba in the LXe from a 1 kBq source is calculated from the known fission yields 17 and shown in Table I . This analysis assumes that there are no fission products in the LXe at the start of deposition. Deposition begins when the substrate is moved in front of the source and is biased to attract ions. The source will be biased to readsorb ions resulting from fissions while the substrate is not positioned in front of the source.
The Ba isotopes are primarily produced by β de- cays from Cs isotopes.
134 Ba through 137 Ba are not produced in large numbers because the corresponding Cs isotopes are long lived. Heavier isotopes ( 143 Ba and heavier) are too short-lived to be of use in this system 17, 18 . For 138 Ba, the only stable isotope produced in a significant amount, the source will produce 375 ions in the first 30 minutes. Other isotopes, such as 139 Ba through 142 Ba, are relatively long-lived, and will be detectable in this system.
IV. LASER SETUP
Laser induced thermal desorption (LITD) is a convenient method for removing a few atoms from a substrate 19 . Barium is then selectively ionized from the desorbed plume of neutral atoms using RIS. In order to allow the desorbed plume of atoms to move away from the substrate and mitigate image-charge effects, the RIS lasers are delayed by 1 µs with respect to the LITD pulse.
In addition to desorbing neutral atoms, LITD can directly produce ions which are a background to the Ba signal. In order to characterize the various backgrounds during data collection, the LITD and RIS laser pulses are cyclically suppressed. The following three states are alternated:
• Both LITD and RIS pulses are retained. Ba is ionized selectively, along with possible backgrounds due to the LITD laser alone.
• Only the LITD pulses are retained. Ions directly generated by the desorption laser alone can be identified and subtracted from the data in the first cycle.
• Only the RIS pulses are retained. This configuration can be used to measure the background that may be produced if the RIS pulses are not properly shaped in space and desorb ions from the substrate.
All lasers fire at a rate of 10 Hz and a system of mechanical shutters implements the pulse sequence described above. This arrangement provides better stability in the pulse energy as the lasers operate in a thermal steady state. Figure 4 provides a simplified schematic of the optical setup. The pulse energy of the desorption laser (1064 nm) is measured by two infrared photodiodes (IRPD1 and IRPD2 before and after hitting the substrate, respectively). Dye lasers pumped by a second Nd:YAG provide the RIS pulses. Both ionization lasers use energy control through λ/2 waveplates and polarizing beam splitting cubes (BS), and each is measured by a photodiode (GrnPD and UVPD).
A. Laser Induced Thermal Desorption
The Ba atoms must be desorbed in a plume that can be ionized using pulsed dye lasers. We use a pulsed 1064 nm Nd:YAG laser 20 to thermally desorb atoms from the substrate.
The Nd:YAG laser produces a Gaussian beam profile, which is loosely focused onto the substrate using a 200 mm focal length lens. Because of the 70 degree angle of incidence, this results in an elliptical Gaussian profile measuring 275 µm × 750 µm (Gaussian σ) on the substrate. The LITD intensity is typically 2 MW/cm 2 at the center of the spot averaged over the 7 ns laser pulse.
The desorption laser pulse energy is carefully controlled to limit ionization from the desorption process. This is done through a built-in waveplatepolarizing beam splitter combination that allows manual adjustment of the laser pulse energy. Individual pulses of the desorption laser are measured by two separate photodiodes 21 . The first infrared photodiode (IRPD1 in Fig. 4 ) measures each individual IR pulse before the beam enters the RIS chamber. Measurement of the reflected beam off of the substrate (IRPD2) is used to aid in positioning the laser spot on the substrate. Both diode readings are recorded for each laser pulse and are calibrated to a powermeter 22 . The desorption laser power must be set to minimize backgrounds but ensure desorption of neutral Ba from the surface. The desorption laser pulse energy is increased until the RIS Ba peak appears indicating that Ba has been desorbed as a neutral atom and resonantly ionized. If the desorption laser produces significant backgrounds at the TOF of Ba, then the pulse energy is reduced.
B. Resonance Ionization Spectroscopy lasers
Tunable dye lasers are used for the RIS process. These lasers are pumped by the second and third harmonics of a separate Nd:YAG laser 23 . The RIS scheme, shown in Figure 5 , uses two wavelengths 24, 25 : 553.5 nm 26 and 389.6 nm 27 . Both wavelengths are periodically verified using a wavemeter 28 to ensure stability. The RIS process requires that both RIS beams are spatially and temporally overlapped. Spatial overlap is achieved by using a dichroic mirror that transmits UV light and reflects green light, as shown in Figure 4 . A razor blade clips the beam profile and an iris blocks the tails of the Gaussian beam obtaining a 5 mm-diameter semicircular beam profile that optimally overlaps the desorbed plume of atoms and grazes the substrate without striking it. This profile overlaps most desorbed atoms from the typical 4 mm × 4 mm scan of the LITD laser.
Tracking the energies of the laser pulses is crucial to ensure efficient RIS. In particular, the pulse energies of the dye lasers decrease in intensity over time as the dye is bleached. Each laser uses a separate photodiode pickoff to provide a relative energy measurement on a pulse-by-pulse basis. A separate calibration provides the pulse energy at the window to the vacuum chamber. All photodiodes are read out by flash ADCs of each laser are made by rotating a λ/2 waveplate in front of a polarizing beam splitter.
V. TIME OF FLIGHT SPECTROMETER
A time-of-flight (TOF) spectrometer (shown schematically in Figure 6 ) allows for mass analysis of the ionic species produced in LITD and RIS processes. As mentioned, non-Ba ions are produced by desorption from the substrate due to the LITD pulse, improperly shaped RIS pulses scraping the surface, non-resonant multi-photon processes and, in the case of the semiconducting substrate mounting technique, the Mo or Ta clips which may have a lower threshold for removal of ions. A mass resolution on the order of m/∆m ≈ 100 is sufficient to discriminate between the species of interest. It is crucial that the ion transport efficiency of the TOF be very high to allow efficient Ba recovery.
To achieve this, ions are accelerated into the TOF by an electric field of ∼ 60 V/cm. The first electrode in the TOF spectrometer is cone-shaped to allow for optical access while maintaining a strong electric field near the substrate. Once the ions have been accelerated into the first lens triplet, they are collimated and drift through the vacuum tube. At the end of the TOF path, ions are focused onto the 1 cm diameter aperture of a channel electron multiplier (CEM) 30 by a second lens triplet. SIMION
31
simulations show a transport efficiency of > 99% for ions from a thermal distribution appropriate for Ba desorbed as a neutral atom then ionized by the RIS process.
VI. SUBSTRATE MOUNTING
The substrate must be positioned precisely in both the LXe cell and in the RIS chamber to ensure consistent deposition of Ba and laser desorption. The substrate is mounted on the end of a 12.7 mmdiameter, 85 cm long thin-walled stainless steel tube. The vertical probe movement is actuated through a long bellows by a stepper motor outside the vacuum with a nominal vertical position accuracy of 3 µm. Horizontal positioning is guaranteed by pairs of spring-loaded Vespel 32 rollers that constrain the transverse motion of the probe and progressively engage the probe tube as it is lowered into the system. Substrates are mounted using two different methods depending upon the material. The mounting system must not have protrusions that could adversely affect the electrostatics both for depositing Ba on the substrate and for the RIS process and also minimize the exposure of extraneous parts to the lasers impinging on the substrate. The cleanliness of the substrate is ensured by in situ cleaning systems, described in Sec. VIII B. Bias voltages are applied through wiring running down the probe tube.
Metallic substrates are held by a stainless steel clip ( Figure 7A ), insulated from the surrounding stainless steel support by a MACOR 33 insulator. Silicon and silicon carbide substrates are held by Mo or Ta clips in turn supported by a MACOR support (Figure 7B) . The clips serve as electrical contacts for resistive heating of the substrate for cleaning purposes, described further in Sec. VIII B.
VII. DATA ACQUISITION
Data acquisition from the TOF and laser systems is separate from the slow control system that regulates the LXe temperatures and pressures and actuates the probe. TOF and laser data must be recorded at 10 Hz and with sufficient bandwidth to separate pulses from multiple ions within each shot. For each laser shot, a 250 MS/s FADC 34 records data for 60 µs after the RIS laser pulse, long enough to record ions up to 300 amu/e. The CEM produces fast pulses amplified by a high-bandwidth preamp 35 . The same data acquisition system records the photodiode readings using 60 MS/s FADCs VIEW program controls the shutters and a stage that can raster the desorption laser across the substrate.
VIII. SYSTEM PERFORMANCE
Successful Ba recovery depends upon several factors. First, the RIS process must be tuned for efficient ionization of Ba. Second, the substrate must be very clean to prevent Ba forming molecules with other adsorbed atoms (for example, oxygen) and to reduce desorbed ion signals in the TOF spectrum. Finally, the TOF spectrometer must be calibrated to provide quantitative information on the species detected.
A. Basic Spectroscopy
Efficient RIS requires that the atomic transitions are saturated. Before designing the present system saturation conditions for both lasers were checked in a separate setup, using an atomic Ba beam. This beam, produced by heating a Ba-coated tungsten wire inside a small volume with an aperture, emitted neutral Ba atoms at a far higher flux than the thermal desorption process described in Sec. IV A, simplifying the spectroscopy measurements.
The two RIS lasers were detuned in turn to obtain the spectra in Figure 8 . While scanning the 553.5 nm laser, the 389.6 nm laser power was maintained at 140 µJ/pulse with the laser on resonance. The scanning 553.5 nm laser was kept at 100 nJ/pulse and the resulting curve was fit to a Lorentzian (χ 2 /ndf = 38/17). Errors on the data are statisticalonly, possibly leading to large χ 2 /ndf values. The 389.6 nm laser was detuned while maintaining the 553.5 nm laser on resonance at 2.3 mJ/pulse. The lineshape of this transition to an autoionizing state is described by a Fano profile 37 , which accounts for the interference between the atomic state and the continuum. In this case, χ 2 /ndf = 194/30 (still using statistical errors only).
Saturation curves are then obtained with both lasers on resonance while scanning the energy of each laser separately, as shown in Figure 9 though χ 2 /ndf values are large, presumably because systematic uncertainties are not taken into account.
B. Substrate Cleaning
Substrate preparation is crucial to clean adsorption and desorption of Ba. We have used a number of different techniques to clean the substrate, depending upon the substrate material.
Polished polycrystalline metal samples of Ta, W, and Ni were cleaned by electron bombardment heating to 1000
• C. Temperatures were measured with a fiberoptic pyrometer 39 . Metallic substrates are also cleaned by low-energy sputtering using Xe ions 40 . In our system this is done by producing a plasma at 1 Torr pressure in the RIS chamber. The substrate, acting as a cathode, and a sharp anode biased at +1230 V with respect to the substrate create the plasma. Semiconductor substrates can be cleaned by resistive heating 40 , applying the current through the Ta or Mo clips also used as a mechanical support. These substrates can be heated to 1400
• C, although a typical cleaning cycle degasses the substrate at 700
• C for hours then removes the remaining oxide layer by ramping to 1200
• C for less than one minute. This procedure is described to leave an atomically clean substrate 41 , although a base pressure of 7.5 × 10 −9 Torr leads to adsorbed layers of background gases in a few minutes.
Finally, rastering the desorption laser across the substrate with > 1 mJ/pulse also provides an effective cleaning scheme. The effect of such an IR laser scan is shown in the TOF spectrum in Figure 10 .
C. Time-of-flight spectrometer calibration
Calibration of the TOF spectrometer is necessary for effective identification of Ba. Since several masses are required, ions generated in the LITD process are used. From such a calibration, using the prominent Na + and K + peaks visible even at moderate pulse energies, the position of the Ba + peaks is inferred to be at 37 ± 0.5 µs in the RIS spectrum, having accounted for the 1 µs RIS pulse delay and the fact that ionization due to RIS creates ions at slightly lower potentials, leading to a further delay The mass resolution near the Ba peak is found to be m/∆m ≈ 80 by analyzing the shape of the 133 Cs peak that is a common background. While the TOF resolution is expected to depend upon the details of the ionization process, the mass difference between Ba isotopes of interest and the dominant background of 133 Cs is sufficiently large to ensure proper separation even for resolutions somewhat worse than measured.
High desorption laser intensities remove singly ionized clusters of Si, up to Si + 6 as shown in Figure 11 , providing a cross-check of the TOF calibration. As expected, the rate of Si + n clusters is a steep function of the desorption laser intensity and no Si + n clusters are observed at LITD intensities used for the work with Ba.
D. Detection of Barium from vacuum
The combination of RIS and the TOF mass spectrometer allows positive identification of Ba contamination on a Si (100) substrate cleaved from a commercially available wafer 42 and mounted on the end of the probe. The substrate was cleaned by resistive heating to 700
• C for 1 hour then flashed to 1200
• C for 30 seconds. This particular sample produces a TOF spectrum with a significant Ba peak (Fig. 12) , along with Na + and K + peaks that provide further confirmation of the TOF calibration. Both resonantly ionized (peak at 37.1 µs) and Ba + desorbed as an ion (35.8 µs) are present in the TOF spectrum shown in Fig. 12 . The blue histogram contatains ions generated by the IR desorption laser alone, while the red histogram also includes the RIS lasers. Peaks that appear in the red histogram but not the blue are due ions undergoing the proper LITD+RIS process. Note that in the laser pulsing sequence (Fig. 12B ) the RIS Ba + peaks appears and disappears as expected. Atoms and molecules ionized by the desorption laser alone are backgrounds to the RIS process. Detuning the dye lasers also suppresses the RIS Ba peak, further confirming that this is due to the LITD+RIS process.
Variation of the desorption laser pulse energy allows measurement of the desorption thresholds for neutral atoms and ions. for K + and Ba + as the desorption laser energy is increased at a single location on a Si substrate. The threshold for desorbing and directly ionizing K is lower than that of Ba. In the case of Ba both the direct ionization and LITD+RIS cases can be observed, maintaining constant the RIS pulse energies. The intensity threshold for desorption in these two processes appears to be approximately the same. The rates and laser intensity thresholds for each of these processes vary with the substrate materials and preparations.
The study of substrate materials, their preparation and the optimal setup of the laser pulses to optimize the yield from the selective LITD+RIS process while minimizing the yield from direct ionization and other phenomena is the goal of the R&D being performed with this apparatus.
IX. CONCLUSIONS
An apparatus to develop Ba extraction and tagging from LXe has been developed. The system is designed to insert a substrate into a LXe cell, load Ba atoms from a source and remove the substrate through a load-lock mechanism, allowing for laser desorption, resonant ionization and analysis of the ions recovered in a time of flight spectrometer. Tests of the system in vacuum have shown detection of Ba from a substrate. We identify Ba adsorbed onto the substrate through LITD and RIS, confirming the presence of Ba using a TOF mass spectrometer.
Reducing backgrounds and increasing Ba recovery efficiency are important to the development of Ba tagging technology for the nEXO detector. This setup allows development of cleaning techniques necessary for removal of the Ba contamination, testing substrates for appropriate adsorption and measurement of the efficiency of tagging with small numbers of ions.
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